The inelastic mean free path (IMFP) of electrons was determined experimentally for selected polyaniline and polyacetylene samples with Ag and Ni references using elastic peak electron spectroscopy (EPES). The surface composition was determined by XPS and density by helium pycnometry. The high resolution hemispherical ESA-31 and ADES-400 spectrometers were used for measurements in the energy range E = 0.5 -3.0 keV and E =0.4 -1.6 keV, respectively. The integrated elastic peak intensity ratios for sample and reference were calculated using the Monte Carlo (MC) algorithm based on the electron elastic scattering cross-sections database NIST SRD64 version 3.1 and applying TPP-2M IMFPs for polymers. Surface excitation parameters (SEP) and material parameters (a ch ) for polymers were determined, using the model of Chen, from comparison of measured and MC calculated elastic peak intensity ratios. These corrections proved to be efficient in decreasing the percentage deviations between the obtained IMFPs and the TPP-2M formula IMFPs. The elastic peak of hydrogen was observed in the EPES spectra of polymers. The experimental contribution of the hydrogen to the total elastic peak was 0.58%, while this value obtained from the MC simulations was 1.98%.
Introduction
The inelastic mean free path (IMFP) of electrons [1] in polyanyline [2] and polyacetylene [3] polymer samples has already been studied by elastic peak electron spectroscopy (EPES) [4] using Ni and Ag reference samples. Experimental results were evaluated using Monte Carlo (MC) simulation [5] and elastic scattering cross-sections of the NIST Database 64 v. 1.0 [6] . Systematic differences were found with Ni and Ag on polyanyline samples [2] . The experimental IMFPs deduced by EPES from the elastic peak ratios of sample and reference differed from the IMFPs calculated with formulae of Gries [7] , Tanuma's TPP-2M [8] and Cumpson [9] . In our recent work on substituted polyanilines and polythiophenes, the differences between experimental and calculated IMFPs have been explained partly by surface excitation losses, which are different for the sample and reference samples [10] .
The present paper deals with polyaniline and polyacetylane samples undoped and doped with Pd. Experiments are evaluated by applying the new EPESWIN software [11] and the NIST Database 64 v. 3.1 [12] . Experiments were made with the ESA-31 [2, 3] and ADES-400 [3] electron spectrometers.
Surface excitation correction
Electrons incident and elastically backscattered from a solid surface produce surface excitation [10, [13] [14] [15] decreasing the intensity of the elastic peak. Surface excitation is also produced from the bulk side of the sample [13] but the decrease of the elastic peak intensity is influenced by electrons before impinging or after escaping [14, 16] . The experimental determination of the surface excitation parameter (SEP) is a very difficult problem. No reliable data are available on the elastic peak in absolute units (%). Evaluation of the surface excitation correction for the integrated elastic peak intensity was described elsewhere [17] . Our procedure applied the ratio of integrated elastic peak intensities using the SEP material parameters available in the literature. It was based on the model of Tanuma et al. [16] and applied the material parameters of Chen [14] for the Ag reference sample. For Ni reference, the material parameter, a ch = 3.61, reported by Gergely et al. [17] was applied. This value of material parameter for Ni was confirmed by Nagatomi [18] . The material parameters for Ni and Ag were tested elsewhere [13, 15] . The best results were obtained using Chen's model. According to Chen [14] , the surface excitation parameter denoted by SEP, P se , is given by the relation:
where a ch is the material parameter of Chen [14] , α in and α out are the angles of electron incidence and escape with respect to the surface normal, respectively. Recently, new models for describing the SEP dependence on electron energy, accounting for angular dependence of material parameters, have been developed by Salma et al. [19] and Kwei et al. [20] . The experimental elastic peak intensity for the sample, I se , and the reference, I re , were obtained from integration of the spectra after background subtraction [4] . The high-energy resolution of the electron spectrometers ESA-31 and ADES-400 facilitates the linear background subtraction. Then, the ratio of experimental intensities from the sample and the references, R e = I se /I re , was evaluated. The ratio of electron backscattering probabilities from the sample and the reference, R c = I sc /I rc , where I sc and I rc are the MC calculated intensities for the sample and the Ni and Ag references, respectively, was calculated applying the EPESWIN software [11] . For the MC calculations of elastic peak intensities, the IMFPs for polymers were taken from predictive formulae by Gries [7] , TPP-2M [8] and Cumpson [9] , whereas for standards from the recommended IMFPs (Ref. [1, Table 10] ). The MC elastic peak intensities, calculated by the algorithm [11] not accounting for the surface excitations, where Poissonian distribution of the surface excitation is assumed [16] , are decreased by a factor of exp (−P se ). As shown elsewhere [17] , we have:
where P ses and P ser are the values of the surface excitation parameter for the investigated sample and the reference material. Then, the correction factor of Tanuma [16] , f c (E), and the surface excitation correction factor (SEP), f s (E), are expressed by [17] :
The product f s f c characterizes the efficiency of SEP correction. For obtaining the best efficiency of correction, the case of f s f c = 1 is valid.
Monte Carlo simulation of EPES experiments
The EPES method [1, 4, 5] employs the elastic peak ratio measurements and MC simulation of elastic backscattering probabilities [5, 11] . The MC calculations are performed with the EPESWIN software [11] , assuming the sample atomic composition (including hydrogen content) and density, a set of input IMFPs for a sample (ranging to 300Å), the recommended IMFPs for a standard (Ref. [1, Table 10] ), elastic scattering cross-sections for target atoms from the NIST database [6, 12] and the geometry of measurement (the incidence angle, the emission angle and the analyzer solid angle).
For polymers containing atoms of different atomic number, Z, (for example H and C) the quasi-elastic scattering of electrons on an atomic core potential splits the elastic peak into two components. The classical approach for explaining and describing this effect was given by Boersch et al. [21] , and its validity has been confirmed previously by Laser and Seah [22] . The quasi-elastic scattering of an electron of given kinetic energy, E, on an atom of atomic number, Z, results in a shift of the energy of the elastic peak position, ΔE, (energy loss) and its energy broadening. This energy loss, ΔE, depends on the incident energy, E, the mass of the electron, m, the electron scattering angle, θ o , and the atomic mass of the scattering atom, M [22] . It has been previously observed experimentally for polyethylene [10, 23] .
The correction to the elastic peak due to recoil effect on hydrogen is evaluated by MC simulation, described in detail elsewhere [24] . This algorithm is an extended version of a code developed for electron backscattering simulation. It includes the extension that calculates the energy transferred from the electron to the recoiled atom due to the momentum exchange [24] . Electrons elastically backscattered on H atoms result in a separate contribution to the electron spectra from the elastic peak, resulting from scattering on atoms of larger atomic number. For calculating the ratio of the H component of the elastic peak to the whole peak, the same input parameters as for the MC algorithm [11] are required.
Samples
The detailed description of synthesis and Pd doping procedures for polyanilines (PANI) and polyacetylene (PA) was published by Lesiak et al. [2, 3] . The authors reported the nominal, the XPS measured atomic composition and the helium pycnometry measured bulk density [2, 3] .
The surfaces of Ni and Ag reference samples were cleaned by Ar + ion bombardment and checked in-situ by XPS. The decomposition of polymer samples due to electron bombardment was avoided by using a low electron input current density and varying the site of the electron beam incident on the sample surfaces during the measurement.
Experimental techniques
Measurements with the ESA-31 spectrometer on PANI samples were made covering the energy range E = 0.5 -3 keV, with the electron incidence and emission angles α in = 0
• and α out = 50
• with respect to the sample normal. Angular window was determined by the retarding ratio between ± 2 • and ± 5
• , and the energy resolution was between 100 and 200 meV. Measurements with the ADES-400 spectrometer on PA samples were carried out in the energy range E = 0.4 -1.6 keV, with the electron incidence and emission angles α in = 0
• and α out = 35 • , with respect to the sample normal. The angular window was a 4.1
• half-cone, and the energy resolution was about 500 meV.
Direct observation of hydrogen in the split elastic peak
The shifted peak corresponding to hydrogen in the EPES spectrum was observed recently [10, 23] . The recoil effect shifts the elastic peak of hydrogen [4] . Electrons exhibit Rutherford type scattering and low quasi-elastic energy losses (recoil), shifting and broadening the elastic peak of component atoms, depending mainly on the mass of the scattering atom, the electron energy and the geometry of measurement. Then, the quasi-elastic energy shift is different for hydrogen and other components of the polymer. Thus, the H peak and the C peak are separated, with the very low intensity of the H peak dependent on the electron elastic scattering cross-section [12] . Selecting a value of primary electron kinetic energy (for example 2 -3 keV), the hydrogen quasi-elastic component of the elastic peak is shifted from the elastic peak by a few eV and is situated in the band gap. For smaller energies (for example 1.5 keV), the hydrogen component of the elastic peak is superimposed onto the broadened elastic peak. For higher energies, the hydrogen component of the elastic peak is superimposed onto the high intensity energy loss spectrum. For polymers containing atoms of H and C at electron energy E = 2 -3 keV, the hydrogen component of the elastic peak appearing in the band gap, where the background is low, can be directly evaluated.
Results and conclusions
Chen's [14] material parameters, a ch , for all the investigated polymers were evaluated according to the procedure described in section 2. Calculations were performed in the electron energy range E= 0.5 keV -3 keV, considering for polymers the calculated IMFPs, λ cal , resulting from the predictive formulae, where subscript cal refers to TPP-2M [8] (T ), Gries [7] (G) and Cumpson [9] (C) IMFP values. To select the best approach for obtaining the material parameters, a ch , several values were calculated. These values were as follows: the ratios of EPES uncorrected to predictive formulae IMFPs (λ u /λ cal (E)); the correction factors (f c (E)); the surface excitation correction factors (f s (E)); the average percentage deviations between the above parameters and the unity (Δ); the average percentage deviations between uncorrected EPES, λ u , and predictive formulae IMFPs (Δλ u ) and the average percentage deviations between SEP corrected EPES, λ c , and predictive formulae IMFPs (Δλ c ). These average percentage deviations, Δλ x , (where subscript x refers to u and c) between the SEP uncorrected, λ u , or SEP corrected, λ c , EPES IMFPs and the predictive formula IMFPs, λ cal , (where subscript cal refers to T , G or C IMFPs) are defined by:
Preliminarily, evaluation of parameters was made using the IMFPs in polymers calculated from the TPP-2M [8] , Gries [7] and Cumpson [9] predictive formulae. For all the samples in the energy range E= 0.5 keV -3 keV, application of TPP-2M [8] IMFPs resulted in the best approach with respect to all evaluated parameters. The ratios of uncorrected EPES to TPP-2M [8] (T ) IMFPs (λ u /λ T (E)), the correction factors (f c (E)) and the surface excitation correction factors (f s (E)) were closest to 1. The percentage deviations between parameters and unity (Δ), and the percentage deviations for uncorrected EPES IMFPs (Δλ u ) and for SEP corrected EPES IMFPs (Δλ c ) were the smallest, with a strong decrease after SEP correcting.
The results evaluated in the present work are shown in Tables 1 -2 and Figs 1 -2. Table 1 demonstrates the exemplary parameters for the PANI-1-Pd sample evaluated with Ni and Ag standards, in the energy range E= 0.5 keV -3 keV, assuming the TPP-2M [8] IMFPs for a polymer. The ratios of SEP uncorrected EPES to TPP-2M [8] (T ) IMFPs, λ u /λ T , and the experimental and the MC calculated intensity ratios, f c = R e /R c , for Ni and Ag standards are in good agreement. The correction factor, f c , evaluated with the Ag standard is smaller than f c evaluated using the Ni standard. This is due to different SEP parameters for Ag and Ni, compensated by different SEP correction factors, f s (E), in a function of energy. The following material parameters were applied for the Ag and Ni standards, and the PANI-1-Pd sample: a ch Ag = 2.34 [14] , a ch Ni = 3.6 [17] and a ch PANI-1-Pd = 5.2 (evaluated in the present work). In Table 2 the experimental results are compared and summarized for all polymers before and after applying SEP correction to the EPES IMFPs. Small and large limits of factors f c (E) and f s (E) are also presented for Ni and Ag reference samples. The f c (E) values are randomly scattered between the limits, whereas the value of f s (E) is nearly constant. The values of Chen's [14] material parameters, a ch , evaluated using the EPES method for all investigated polymers are also presented. For PANI-1 undoped and Pd doped samples, SEP correction was efficient, reducing deviations, Δλ u , from 39.3% and 26.96% to deviations, Δλ c , from 17.30% and 4.84%, respectively. Good correction was found for the PANI-4 sample. The PANI-4-Pd sample is a special case. The value of Δλ u is large, exceeding 50%. The correction factor values, f c , obtained using the Ni and Ag standards are in agreement. For polyacetylene samples (PA5 and PA5-Pd) the SEP correction was evaluated in the low energy range E = 0.4 -1.6 keV. Good correction was found for the PA-5 samples. For PA-5 undoped and Pd doped samples, SEP correction was efficient, reducing deviations, Δλ u , from 14.65% and 32.54% to deviations, Δλ c , from 10.57% and 21.28%, respectively.
The exemplary dependence of the EPES IMFPs on electron energy for investigated polymers is shown in Figs 1 (a) -(e). These EPES uncorrected IMFPs evaluated using Ni and Ag standards and the relevant EPES SEP corrected IMFPs are compared to the TPP-2M [8] IMFPs. Better consistency occurs between the TPP-2M [8] IMFPs and the SEP corrected EPES IMFPs. For all cases, SEP correction results in increasing the EPES IMFPs (Figs 1) . Reasonable agreement between the SEP corrected EPES IMFPs occurs in the energy range E= 0.5 keV -1.0 keV. For E= 2.0 keV, the deviations between the TPP-2M [8] calculated and EPES SEP corrected IMFPs are larger. Discrepancies in evaluated EPES IMFP may result from the systematic and statistical error of experiments and calculations, that is, stability of the electron source during the EPES measurement, accuracy of evaluating experimental elastic peak intensities, accu- Table 1 Parameters evaluated for selected electron kinetic energies for PANI-1-Pd sample and Ni and Ag standards from the measurements using the ESA-31 spectrometer. Ratios of EPES SEP uncorrected IMFPs and IMFPs by Tanuma et al. (T ) -λ u /λ T ; the correction factor -f c ; the surface excitation correction factor -f s ; percentage deviation between parameters in the energy range E = 0.5 keV -3 keV. racy of the model simulating the electron transport in a solid, accuracy of electron elastic cross-sections, accuracy of the input parameters in the algorithm and sample in-depth inhomogeneity. The experimentally detected elastic peak from hydrogen recorded for the PANI-1 sample at energy E = 2 keV is shown in Fig. 2 . The elastic peak MC simulations for the PANI-1 sample, accounting for recoil effect on hydrogen [24] , resulted in an approximately 1.98% contribution of the hydrogen peak to the total elastic peak intensity. The ratio of the elastic peak hydrogen component to the total elastic peak contribution, determined from the experimental spectra, was 0.58% (Fig. 2) . The discrepancies between MC simulation and experimental data may result from hydrogen depletion from the surface layer. The EPES experiments clearly demonstrate that the sample surface is inhomogeneous in-depth, where the information depth (ID) ranges from few to severalÅ. The value of ID for EPES is different from that of XPS [25] . For the same electron kinetic energy, the mean penetration depth, MPD, in EPES is approximately half of the mean escape depth, MED, in XPS [25] . Accounting for elastic scattering of photoelectrons and backscattered electrons decreases the MED and MPD values in a function of electron energy and emission angle [26] . Enrichment in C of the surface layer may then explain the anomalous deviations, Δλ u , and correction factors, f c . The XPS analysis supplies averaged data of the sample composition. These XPS results were applied in the MC simulation, assuming a homogeneous sample. The sample compositions were determined in-situ by XPS using the Al K α radiation and applying the following photoelectron lines: O 1s - Experimental observation of hydrogen in the shifted peak corresponding to hydrogen in the EPES spectrum of PANI-1. The measured ratio of the hydrogen contribution to elastic peak is 0.58%. The MC simulated ratio of the hydrogen contribution to elastic peak is 1.98%.
955.6 eV, N 1s -1088.6 eV, Pd 3d 5/2 -1151.6 eV and C 1s -1202.6 eV. The MED value for an XPS angular arrangement equals approximately λ(E)cosα out , where α out is the angle of emission with respect to the surface normal. The electron backscattering angle with respect to the surface normal in ESA-31 is 50
• , whereas in ADES-400 it is 35
• . For the ESA-31 spectrometer, the geometry of XPS and EPES detection of emitted electrons is the same. For the ADES-400 spectrometer, the XPS and EPES detection angle with respect to the surface normal are 0 • and 35 • , respectively. When evaluating EPES experiments measured with two spectrometers, anomalies were found, which can be explained by sample in-depth inhomogeneity. The values of percentage deviations for the uncorrected EPES and SEP corrected EPES IMFPs, Δλ x , and the correction factors, f c , resulting from the experimental data agree well (Table 2) . They show a gradual increase with E (Table 1) . This behaviour proves in-depth inhomogeneity and possible carbon enrichment in the surface layer. Reasonable SEP correction was obtained with the ADES-400 spectrometer measurements below an energy of E = 1 keV. For energies above E = 1 keV, for the PA5-Pd sample, very strong anomalies were found that were probably due to surface inhomogeneity and a predominant Si and Pd contribution in the elastic peak. Similar anomalies were found for the PANI-4-Pd sample at energy E = 3 keV, due to a predominant Pd contribution in the elastic peak.
In conclusion, SEP corrections proved to be efficient also for partially explaining the deviations between the EPES IMFPs and optical IMFPs. The strongest anomalies obtained here can be explained by in-depth inhomogeneity of the investigated polymers.
